Introduction
A synthetic jet is a mean fluid motion, which is generated by pushing and pulling of fluid through an orifice (or nozzle) [1] . One of the promising applications of the synthetic jets are cooling applications, which are typically based on jet impingement on a wall.
An impinging jet (hereinafter IJ) is the technique for achieving a very high performance heat and mass transfer between fluid and exposed walls. Continuous (steady or conventional) IJs have been studied quite extensively; the most important results are collected, e.g., in the outstanding book by Dyban and Mazur [2] , distinguished study by Martin [3] , and several reviews [4] [5] [6] [7] [8] . The other relevant heat/mass transfer studies, which are used in the text below for comparison purposes, are [9] [10] [11] .
One of the first investigations of the synthetic IJs was briefly described by Yassour et al. [12] .
The behavior of the synthetic IJs was studied for the annular geometry of the actuating nozzle by Trávníček and Tesař [13] . Recently, a zero-netmass-flux actuator of a round synthetic jet was developed and tested by Trávníček et al. [14] ; that actuator is used in this study to generate the synthetic IJ. Fig. 1 shows the configuration of the synthetic IJ: The actuator [14] consists of a sealed cavity, which is equipped with a pair of actuating diaphragms and with an emitting orifice, D = 8 mm. The diaphragms originated from the loudspeakers MONACOR SP-7/4S of 66.5 mm in diameter, with the nominal electrical parameters 4 Ω, 4 W-rms, and 8W -max. The axis of the actuator orifice is vertical and the exposed wall is horizontal, the jet is oriented vertically downwards. The coordinate system is shown in Fig. 1 . The tested orifice-towall spacings were H = (2.5, 5, 8 and 12)D.
Experimental setup and method
The working fluid is air and the actuator is fed with sinusoidal current. The actuating parameters have been found recently [14] : frequency f = 75 Hz and the Reynolds number Re = 4400. The Reynolds number is defined according to the commonly accepted definition by Smith and Glezer [1] Re = U 0 D/ν, where U 0 is the time averaged orifice velocity defined by integration of the orifice velocity u 0 (t) over the extrusion stroke,
, T is the period T = 1/f. The velocity was measured by the hotwire anemometer system DANTEC (StreamLine 90N10 and single-sensor wire 55P11) in the constant temperature mode. The phase averaging of the velocity during one cycle was carried out by means of the velocity decomposition into the time-mean velocity, periodic and fluctuation components. The velocity measurement and obtained results were discussed recently [14] .
Two thermistor probes were used to measure the air temperature; one probe was inserted into the actuator cavity while the other measured the jet temperature near the impinging wall. The jet temperature ranged from 20.5°C to 21.3°C for all experiments. The maximal temperature difference between the air inside the cavity and the ambience (because of the dissipation of incoming power) was 2.1 K for all experiments discussed in this paper.
Mass transfer on the wall was investigated using the naphthalene sublimation method [15, 13] . The exposed wall is a naphthalene plate and the local mass transfer coefficient h m is calculated from the sublimation depth [15] as
where ρ n is the density of solid naphthalene, R n is the gas constant of naphthalene, T w is the absolute temperature of the exposed surface, ∆x is the net local sublimation depth, p sat is the saturated vapor pressure of naphthalene at T w [15] , and ∆t is the run duration (more detailed description of the method was written in [13] ).
The non-dimensional expression of the mass transfer coefficient is the Sherwood number, Sh = h m D/D n , where D n is the mass diffusion coefficient of naphthalene vapor in air, calculated for the temperatures and pressures of the experiments [15] .
Uncertainty analysis was performed according to Kline and McClintock's [16] method for a single sample experiment. The uncertainty of the solid naphthalene density ρ n , temperature T w , sublimation depth ∆x, duration of test run ∆t, nozzle diameter D, saturated vapor pressure p sat , and mass diffusion coefficient D n were estimated 1.1%, 0.06%, 4.3%, 0.5%, 0.1%, 3.77%, and 5.1%, respectively. The uncertainty of the mass transfer coefficient and the Sherwood number is within 6% and 9% in the entire range of present measurements based on the 95 % confidence level (±2 standard deviation).
Mass transfer data can be transformed to predict the heat transfer using the heat/mass transfer analogy [2, 15] :
where Nu = h D/k is the Nusselt number, Pr is the Prandtl number, h is the local heat transfer coefficient, and k is the thermal conductivity.
The exponents m and n describe the effects of the Prandtl and Reynolds numbers, respectively. The values of m and n, which are usually accepted for continuous IJs, range 0.5-0.8 and 0.33-0.42, respectively [2-11, and 17] .
To quantify the integral transfer on the exposed wall, the average heat transfer along the surface is expressed in the form of the average Nusselt number as
where R is the radius of the round integration area.
Results
The local time-mean mass transfer coefficient was obtained from Eq. (1) and the result was recalculated using the heat/mass transfer analogy Eq. (2) to obtain the heat transfer distribution. The following text focuses on the (1) local heat transfer distribution, (2) stagnation point heat transfer, and (3) average heat transfer. Fig. 2(a) shows the three-dimensional representation of the Nu-surface above the exposed wall, Fig.  2(b) shows the projection of the Nu-contours into the impinging wall. The highest Nu-values occur in the stagnation point. The symmetric, nearly circular character of the Nu-lines in Fig. 2(b) gives an idea of the symmetry of the flow field. . The highest heat transfer has been achieved in the stagnation point on the axis for each of the present experiments. The local Nusselt number decreases monotonously with the radial distance from the stagnation point and it has a bellshaped distribution. The symmetry of the Nucurves looks satisfactory.
Local heat transfer distribution
Because of the above, the mass transfer profiles can be evaluated by averaging the two halves of each experimental profile. This type of data processing allows to smooth some irregular deviations (asymmetry). Therefore, it is used in Figs. 4 and 5 , where only the right halves of the graphs are plotted.
Although the so-called "secondary peaks" of the heat transfer distribution does not occur distinctly in Fig. 3 , the curve for the smallest orifice-to-wall spacing H = 2.5 D evidently trends to this effect in places of radius r/D = 1.5 to 2.0. This is pointed in Fig. 3 by arrows and named the "saturated zone" according to Lee and Lee, [9] , who used this term for continuous IJs and H ~ 4D.
It is worth to mention here that the secondary peaks of the heat transfer distribution and their reasonable explanation belong to the "touchstones" of IJ studies [2-3, 6-8, 18] . The non-monotonous character of the Nudistributions with the secondary peaks are usually observed at smaller orifice-to-wall spacings in the case of the impingement wall situated within the potential core of the jet. Typically, the occurrence of the secondary peaks is associated with radiuses r/D = 1.5 to 2.2 which is in agreement with the present "saturated zone" as pointed in Fig. 3 .
The present Nu-distributions exhibit a small tendency to secondary peaks which is in agreement with the literature: Although the secondary peaks usually exist at smaller orificeto-wall spacings, they are significantly reduced [7] and Jambunathan et al. [5] (the Reynolds numbers of the synthetic and continuous IJs are the same: Re = Re C = 4480).
The stagnation Nusselt number of the first correlation [7] was taken from Dyban and Mazur [2] and this point is also plotted in the figure. The latter correlation is based partly on the correlation equation defined on p. 113 of ref. [5] and partly on the data presented in the graphical form in Fig. 10 of the same ref. [5] . Fig. 4 shows good agreement of the present results (of the synthetic IJs) with the correlations of the representative studies of the continuous IJs.
The heat/mass transfer of the synthetic and continuous IJs can also be compared using the experimental data for continuous IJs available from the literature: Lee and Lee [9] , and Hollworth and Gero, [19] . Because of the definite differences in the Reynolds number (Re C = 5000 in [9 and 22] ), the comparison is made by means of the ratio defined by Eq. (2) with the exponents m = 0.7 and n = 0.4 (this coordinate definition was used for example in the graphs by Craft et al. [20] ). Fig. 5 shows good agreement of the heat/mass transfer distributions of the synthetic and continuous IJs. The effect of the orifice-to-wall spacing seems comparable with that of the continuous IJ: The maximum Nu 0 is achieved around H = 5 D and it is not very distinct. Particularly, the decrease of the spacing (H < 5D) causes only a small decrease of the Nu 0 -value.
Stagnation point heat transfer

Average heat transfer
To quantify integral heat/mass transfer, the average Nusselt number has been integrated using Eq. (3) and the results is shown in Fig. 7 . The widely accepted empirical correlations by Martin [3] and the recent one by Lee and Lee [9] are taken for comparison purposes. Fig. 7 shows that the differences between average heat/mass transfer of the synthetic and continuous IJs are rather small -less then 11%. This nearly excellent agreement in Fig. 7 should be not overestimated -in fact, the different experimental conditions used by different authors can result in different flow structures. Clearly, the heat transfer reference data of the continuous IJs may be scattered due these differences and this scattering can be even broader than the difference between the continuous and synthetic IJs -cf. Fig. 6 above.
Conclusion
The synthetic impinging jet was generated using the zero-net-mass-flux actuator, the working fluid was air. The synthetic jet impingement mass transfer was measured using the naphthalene sublimation method. The local mass transfer distributions were converted to the corresponding heat transfer data. The reference correlations known for the continuous IJ were used for the comparison purposes.
Although the principles of the generation of the synthetic and continuous (steady) impinging jets are quite different, it is surprising that the resultant heat/mass transfer of the two jets do not differ significantly -the difference in the average heat transfer is less than 11%. In general, these differences are within the range of data scattering of the continuous impinging jets caused by the different experimental conditions and flow structures used by different authors.
